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INTRODUCTION

Large quantities of waste oils are routinely generated at Navy
shore facilities a& a result of their normal activities. Because of the
contaminants and the usually varied compositions, these oils are not
suitable for regular uses. They are, however, a potential source of
energy from the viewpoint of boiler fuels.

A stukdy was made to determine the economic potential and technical
requirements for utilizing the Navy's waste oils as boiler fuels. The
results are reported in Technical Note N-1570.* Briefly, up to 13% of
the total fuel requirements (in natural gas, liquefied petroleum gases,
and fuel oils) for Navy stationary boilers could be met by utilizing
waste oils. Based on the FY79 average fuel oil price paid by the Navy,
this could mean a reduction in annual fuel bills of approximately 25
million dollars.

Laboratory tests of a wide range of Navy waste oils showed that
they could be satisfactorily fired in boilers in blends with regular
fuel oils for waste oil concentrations up to 100%. No special require-
ment for firing these waste oils was necessary from the viewpoint of
both environmental pollution and modifications to the existing hardware.
Demonstration tests using in-service boilers at selected Navy bases
were, therefore, recommended in TN-1570 to determine the handling re-
quirements and any possible long-term effects to boiler components.

Naval Weapons Center (NWC), China Lake generates approximately
2,500 gallons of waste oils per month that is comprised primarily of
contaminated JP4, JP5, and diesel fuels and used lubricating oils. The
mixture of these oils is a dark colored liquid resembling light fuel oil
and is somewhat heavier and higher in viscosity than diesel fuel. This
material has, in the past, been used for fire fighter training and dust
control. The latter use has been eliminated due to environmental re-
strictions, and the former can utilize only a small portion of the total
available waste oil. Within these restrictions, NWC approached CEL in
1977 for assistance in utilizing the waste oil in their steam boiler
plant. Because of the NWC need and the objective of CEL's waste oil
utilization project, a cooperative effort was initiated.

After several planning meetings at NWC with the Public Works Per-
sonnel, Boiler no. 4 in Plant no. 1 at NWC was chosen as the test facility.
The boilers in Plant I are fueled by interruptible natural gas and No. 6
fuel oil. Blending the NWC waste oil into No. 6 oil would provide an
opportunity to test light waste oil blended in heavy fuel oils. In
order to carry out this work, a test plan was prepared and a memorandum

*Civil Engineering Laboratory. Technical Note N-1570: Utilization
of Navy-generated waste oils as boiler fuel - Economic analysis and
laboratory tests," by T. T. Fu and R. S. Chapler. Port Hueneme,
Calif., Feb 1980.
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of understanding between CEL and NWC was approved in July 1978. The
former describes the details of the tests, and the latter outlines the
responsibilities of CEL and NWC in carrying out these tests. In principle:

1. CEL would be responsible for planning and conducting the tests,
preparing a report of the results, and paying for extra expenses incurred
during these tests.

2. NWC would provide personnel support and wages to assist in
carrying out the planned test work during normal boiler operating hours.

3. Only high flash point waste oils (e.g., used lubricating oils,
contaminated JP5 and diesel fuels, etc.) would be used for the tests.
Low flash point and other materials (e.g., contaminated JP4, gasoline,
solvent, etc.) would be collected separately for fire fighters' training
and would not be mixed with the high flash materials.

In the meantime, a fuel-handling system was installed so that Boiler no. 4
could be operated without interfering with the operation of other boilers
in the plant. Two series of controlled burning tests were conducted:
one during August to October, 1978, and the other during July and August,
1979. The results of these tests are described in this document.

TEST FACILITY

The no. 4 boiler in Plant no. 1, Building 00032, NWC is a single-
burner, water-tube boiler producing 125-psi saturated steam at 20,700-
lb/hr rated capacity. Steam atomization is used when firing No. 6 fuel
oil. Two other identical boilers (no. 2 and no. 3) are also located in
Plant no. I. All these boilers share a fuel storage system that consists
of one 100,000-gallon and two 25,000-gallon underground tanks, one pump
for transferring oil between tanks, and two 30-gpm pumps for delivering
the oil to the burners. For test pruposes, it was necessary to isolate
the fuel-handling operation for the test boiler from the others. There-
fore, a separate fuel supply was installed for the test boiler. This
system consists of two 450-gallon storage tanks, two steam heaters, one
low-pressure recirculating pump, one high-pressure delivery pump, valves,
filters, regulators, and all the associated components. The overall
installation is shown schematically in Figure 1. As seen from Figure 1,
by operating the appropriate valves, this system is able to take regular
No. 6 fuel oil from the underground storage tank and waste oil from an
outside source (e.g., a tank truck), perform blending by recirculating
the oil, and deliver the oil to the burner. The physical installation
of this test facility is shown in Figure 2.

A 10,000-gallon railroad tank car was used as the central collection
point for the waste oils. During tests, the waste oil was first pumped
out of the tank car into a tank truck, which then hauled the oil to
Plant no. 1 for blending.
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The existing boiler instrumentation provides for measurement of:
oxygen, combustible gas, and stack gas temperature; steam flow rate;
pressure and temperature of steam, feedwater, and fuel; and pressure of
atomizing steam and fuel at burner nozzle. Instruments installed by CEL
consisted of CO, CO, 02, and NO analyzers, fuel and feedwater flow
meters, throttling Kalorimeter, and thermocouples at various locations.

NWC WASTE OIL

Waste oils generated at various sources (excluding low flash material
and solvents) were brought to the 10,000-gallon tank car in 100 to 200-
gallon batches. A 10,000 gallon tank car of waste oil had been collected
about 3 months before the tests were begun. This mixture of oils had
been allowed to settle during the summer months. To determine the
nature of this mixture, samples were drawn from the tank at five dif-
ferent levels. These samples were then visually examined and their
gravities measured. The results are shown below along with no. 6 fuel
oil for reference:

Sampling Location Specific Gravity Remarks
at 60°F

Top of tank 0.8711 No water, resembles
1/4 diameter from top 0.870j light fuel oil
Center of tank 1.006 Contained - 2/3 saline water
3/4 diameter from top 1.042 Practically oily saline water
Bottom of tank 1.0361
No. 6 fuel oil 0.959
at Plant No. 1

Clearly, this mixture contained a large amount of water and was highly
nonuniform in consistency. The water in the mixture had to be removed
first.

Water was drained off from the lowest point of the tank car. This
was a very slow process. After 2 days, approximately 1,000 gallons of
water had been removed, and the contents remaining in the tank were
determined to be reasonably free of water. In order to make this oil a
homogeneous material, it was recirculated between tank bottom and the
far end of the tank at 15 gpm for 2 days. At the end of the recirculation

period, the oil in the tank had been turned over approximately five
times and was believed to be sufficiently uniform to be characterized by
a single set of property values. Insignificant amounts of solids were
entrapped in the filter.

Laboratory analyses of this waste oil mixture and the No. 6 fuel
oil normally used in Plant no. 1 were made. The results, together with
those of typical No. 2 fuel oil, are compared in Table 1.

3



Table 1. Properties of Oils

NWC Typical

No. 6 No. 2Fuel Oil Fuel Oil

Carbon, % wt. 86.34 85.88 87.2
Hydrogen, % wt. 12.98 11.55 12.5
Nitrogen, % wt. 0.18 0.64 0.02
Sulfur, % wt. 0.01 1.40 0.3
Oxygen, % wt. (by difference) 0.49 0.53 trace
Ash, % wt. 0.401 0.071 trace
Sediment and water, % vol. 1.0 (0.6 water) 0.2 trace
Chlorine, % wt. trace trace
Flash point, OF PMCC below room temp 220 168
Gravity, deg API at 60OF 29.9 16.1 32
Viscosity, SUS at 100OF 76 -2,200 34
Corrosion, copper strip 1B 1A -
Gross heating value, Btu/lb 19,249 18,623 19,430

It is seen that the NWC waste oil mixture is slightly heavier and more
viscous than the typical No. 2 fuel oil. Other than its color and high
content of water and ash, this waste oil is quite similar to No. 2 fuel
oil and is considered as a light type waste oil. This waste oil mixture
was used for all the tests reported here.

BOILER OPERATION

Batch-Blending Tests

A series of tests was conducted between August and October, 1978,
to determine the overall operational requirements for firing waste oil
blends in an in-service boiler and the effects of waste oil on boiler
components and stack emissions. To establish a basis for comparison,
the No. 6 fuel oil normally used for this boiler was fired first; waste
oil/No. 6 oil blends were then fired at increasingly higher concentrations
up to 100% waste oil. Fourteen sets of tests consisting of 158 runs
were conducted (5 sets in No. 6 oil, 7 sets in waste oil/No. 6 oil
blends, and 2 sets in straight waste oil). The range of test conditions
and data are summarized in Table 2.

For each set of these tests, approximately four firing rates were
run to cover the full range of the burner capacity. During each run,
the excess air (or, oxygen) in the stack gas was varied from high to low
to determine the range of operable firing conditions. Stack gas was
analyzed during each run. The major steps for these tests were:

1. Warm up boiler using the regular No. 6 fuel oil.

2. Adjust burner to achieve the desired constant firing rate.

4
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3. Prepare waste oil/No. 6 oil blend. (This was usually done late
in the afternoon after a set of tests was completed.) The waste oil was
first hauled from the tank car storage to Plant No. 1 by a truck. Waste
oil and No. 6 fuel oil were then pumped from the truck and the underground
fuel storage tank, respectively, into the 450-gallon blending tank in
the desired proportion. This mixture was then recirculated in the tank
overnight at the rate of 30 gpm. By the next morning this mixture would
have been turned over more than 100 times.

4. Set oil heating controller to temperature which would result in
a blended oil viscosity near that of the No. 6 oil at its normal firing
temperature.

5. Switch burner from regular fuel oil to waste oil blend and
maintain a fixed firing rate.

6. Set combustion air flow as high as possible without producing
an unstable flame.

7. After combustion and boiler output have stablized, record stack
gas temperature, 02, CO, C02 , NOx, smoke spot number, fuel flow rate, etc.

8. Decrease combustion air flow in a stepwise manner while main-
taining the firing rate, and repeat step 7.

9. Repeat step 8 until the smoke spot number reaches an unacceptable
level. (Further decrease of air from this point will cause smoky flame
and/or flame impingement in the furnance).

10. Change firing rate, and repeat steps 6 through 9.

11. Repeat step 10 until completion of four firing rates to cover
the full range of boiler operation.

During these tests, the steam qualtiy was measured periodically
using a throttling calorimeter. The steam produced was found to be
consistently between 1.5% and 2% moisture. Since this information was
not essential for evaluation of a fuel, this measurement was discontinued
shortly afterwards.

In order to demonstrate the feasibility of burning waste oils, one
is only interested in whether or not burning waste oil or its blends
with regular fuel oil will introduce additional emissions. If the
emission level is the same as or lower than that from burning regular
fuel oil, the waste oil will be considered equal to or better than the
regular fuel oil from an emission standpoint.

For practical and safety reasons, the air supplied to a combustion
process must always be higher than that theoretically required. This
extra amount of air is called "excess air," which is normally expressed
in terms of the theoretical air, and is easily determined from the
concentration of oxygen in the stack gas. Therefore, most of the data
obtained are presented in terms of the stack gas oxygen concentration.*
The results are described below:

*Data presented here are characteristic of the particular hardware and,

therefore, must not be considered for general use. They serve the
purpose of demonstrating the performance of waste oils when used in
a regular fuel system, however.
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Fuel Flow. The fuel flow rate increases with the available pressure
head. This relationship for the burner of the test boiler is shown in
Figure 3. It is seen that the flow behavior of waste oil blends is
similar to that of the regular No. 6 fuel oil, except that waste oil
blends achieve higher flow rates than No. 6 oil; the higher the waste
oil concentration, the higher the flow rate. This result was expected|
because the waste oil tested had a much lower viscosity than the No. 6
oil and blending resulted in a lower viscosity of the mixture. At the
same pressure, low viscosity is associated with high flow rate. In
order to maintain reasonable flow rates, room temperature firing was
required when waste oil concentrations were >75%.

Nitrogen Oxides. Nitrogen oxides or NO emission is one of the
principal environmental constraint in boilerXoperation. For a given
burner device, NO formation depends, among others, on flame temperature
or firing intensity, nitrogen content of the fuel, and the excess air or
oxygen. The NO data obtained are plotted against the stack gas oxygen
concentration as shown in Figure 4. This figure shows that the NOx

emission for waste oil blends: (1) decreases as the waste oil concen-
tration increases, (2) appears to be insensitive to oxygen concentration
or excess air, and (3) is generally lower than that of No. 6 oil except
at 10% waste oil concentration. These results may be qualitatively
explained as follows:

(1) The NWC waste oil is a low-nitrogen fuel compared to the
high nitrogen No. 6 oil (see Table 1). Their blends will have
a lower nitrogen content than the No. 6 oil and, consequently,
lower NO will be formed.x

(2) The low firing intensity (low temperature steam and large
furnace volume) causes minimal NO formation and, hence,

xinsensitivity to other affecting parameters, such as excess air.

(3) The higher NO emission level experienced with the 10%
x

blends is unexplainable at the present.

Smoke. Smoke is a visual environmental constraint in boiler oper-
ation. The smoke levels for these tests are indicated by the Bacharach
smoke spot number as shown in Figure 5. For greater clarity the data
points for burning waste oil are plotted using the envelope (or ranges)
of data obtained for No. 6 oil as a reference. It is seen that most of
the waste oil data fall within the envelope. The data show also that it
was possible to operate the burner at the same level of oxygen (or
excess air) but at different levels of smoke. This means that it is
possible to operate the boiler at low excess air simultaneously with low
smoke emission. Human factors are clearly involved. In order to insure
efficient boiler operation, careful attention by the boiler operator or
by using automatic monitoring devices is necessary. Visual observations
were also made of the stack gas. For waste oil concentrations >50%,
visible white smoke was noted. Because of this color, the smoke spotf number data are sometimes misleading when used to relate to particulate
emission. No clear stack condition could be achieved through an increase
in excess air (or 02). Decreasing 02 caused darkening of the smoke from
white to taa, to brown, to dark brown.

. . . . . I I I I' , . e' . . . .. .. ,, , -- I II. . . . . . . .



Carbon Monoxide. Carbon monoxide (CO) is a health hazard. It is
also an indicator of the completeness of combustion. For these reasons,
it is important to minimize CO emission. Due to instrumentation mal-
function during the tests, only four sets of CO data were obtained as
shown in Figure 6. Note that except a' 100% waste oil, the CO levels
for 10% and 30% waste oil blends are comparable and generally lower than
that for No. 6 oil.

Incomplete combustion may be associated with low flame temperature
which in turn may affect the NO formation. In this sense, the high CO
level in Figure 6 and low NO level in Figure 4 for 100% waste oil
firing appear to be consistent. This suggests that the waste oil tested
may have had a tendency to impede complete combustion (attributable to
the particular contaminants and additives in the oils). This effect is
not environmentally significant and therefore is of no concern.

Carbon Dioxide. Carbon dioxide (C02) is the primary indicator of
the degree of complete combustion and of the amount of excess combustion
air supplied. It is traditionally used as a measure of boiler efficiency:
higher CO2 means higher efficiency. Since any value of CO below the
theoretical maximum for a given fuel may be a result of either incomplete
combustion or excess air, to eliminate confusion excess air (0 ) becomes
a more desirable parameter for monitoring boiler operation. Tiere is a
unique relationship between the 0 and CO concentrations in the combus-
tion products for a given fuel. iherefore, CO may be used as a means
to verify the 02 data and vice versa. Using tie compositions of the NWC
waste oil and No. 6 oil, the relationships between CO and 0 were2 2
computed and superimposed on the test data as shown in Figure 7. The
agreement is satisfactory considering data scatter and experimental
errors.

Stack Gas Temperature. Stack gas temperature is a measure of the
amount of energy that is carried away by the stack gas (energy wasted).
Thus, within practical limits, boilers should be operated at minimal
stack gas temperature. This may be achieved through adjustment of the
burner and other various boiler controls. A large number of data re-
flecting the various burner and damper settings were obtained. These
data are presented in Figure 8 in the same manner as for the smoke
emission (Figure 5). Note that stack gas temperature is also a control-
lable item. Continuous attention of the boiler operator or the use of
some automatic monitoring and control devices would be helpful in achiev-
ing high operating effic ency of the boiler.

Overall Appearance. Observations were made on an overall basis of
the boiler during and after the tests. All of the equipment functioned
normally without requiring special attention. As expected, no difficul-
ties were encountered.

Since the NWC waste oil has a relatively high ash content, in order
to determine the extent of ash deposition on boiler tubes, no soot
blowing was done during the entire period of tests.* After the tests,
inspection doors near the stack area were opened. The boiler tubes
appeared to be clean; there was some loose, grayish white deposit (ash)

*Soot blowing is normally done twice each shift when firing No. 6 oil.
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on horizontally oriented boiler tubes. The amount of this ash was
insignificant and appeared similar to the condition after normal soot
blowing during No. 6 oil firing. No black soot particles were visible,
and horizontal structural surfaces appeared to be reasonably clean. The
burner nozzle was also inspected after the tests and the nozzle tip,
which usually requires routine cleaning to remove carbon deposits, was
clean. The condition of the nozzle tip after firing waste oil and No. 6
oil is shown in Figure 9.

Clearly, the NWC waste oil mixture resulted in clean burning, both
at the nozzle tip and in the fire-side flow passages. Soot formation
appeared to be minimal. This result was somewhat expected because the
NWC waste oil tested was merely the mixture of a number of high quality
materials (relative to the lowest grade fuel oil, No. 6 oil). This
implies that cleaner combustion will result when the blend is of higher
quality than the regular fuel oil.

In summary, the NWC waste oil is a high quality material relative
to the regular No. 6 oil. Batch-blending tests show that the results
are predictable and no special attention is required to burn the waste
oil, either in blends or straight, except to adjust the temperature of
the blend so that its viscosity is nearly the same as that of the regular
fuel oil. No component malfunction or extra operational problems were
encountered. The waste oil was considered as a good source of boiler
fuel.

Since batch blending is not practical for routine boiler operations,
a less involved blending scheme, e.g., in-line blending, would greatly
simplify the entire operation. This method of blending was tested and
is described in the next section.

In-Line Blending Tests

In-line blending is simple. If this method is proven to be practical,
field activities can readily implement a waste oil boiler firing program
with minimal effort and expense. The purpose of the tests described
here was, therefore, to determine the additional requirements, if any,
for the in-line blending method during normal (routine) boiler operations.
Since the combusion characteristics of the NWC waste oil were already
known from the batch-blending tests, no special effort was made to
monitor stack emission and operating conditions. That is, the boiler
would be fired with a waste oil blend (at a fixed concentration setting)
to meet the normal steam demand in the same manner as for regular No. 6
fuel oil.

For the tests described here, the existing waste oil blending and
supply system (Figure 1) was used with a minor modification: a needle
valve was installed immediately downstream of the waste oil shutoff
valve, V1, to accurately control waste oil flow. A thermocouple was
also installed to measure the oil temperature near the burner nozzle.
Since the NWC waste oil was a low viscosity material (see Table 1),
heating was unnecessary; the system functioned practically as a waste
oil storage and delivery system.

9



The tests began on July 20 and ended on August 11, 1979. For these
tests the needle valve was opened to a fixed setting to obtain a blend
of approximately 9% waste oil concentration. During the last 30 hours
of the test, the needle valve opening was increased so that the waste
oil concentration was approximately doubled. Some figures of interest
are summarized below:

Total boiler time: 384 hr

Approximate average firing rate: 110 gal/hr

Average steam production rate: 14,400 lb/hr (or 80% capacity)

Average waste oil concentration: 10%

Total waste oil consumed: 4,000 gal

Waste oil supply pressure: 180 psig

No. 6 fuel oil header pressure: 115 psig

During the test period, there were several shutdowns for recharging the
waste oil tank and once for replacing a broken pressure gage. No dif-
ficulties were encountered during the entire period of testing, nor were
there any special requirements arising from use of the waste oil blend.

Although no special attempt was made to monitor the operating
conditions and stack emission, a spectrum of such data was obtained at
the beginning of the tests to insure that the system was performing
normally. The results are shown in Table 3.

In summary, experience gained thus far shows that in-line blending
is simple to implement and works satisfactorily. For waste oil concen-
trations up to 18%, the blend can be fired the same as regular fuel oil
in every respect.

DISCUSSION

Waste oil affects the viscosity of the blend and, hence, the fuel
flow rate and nozzle spray characteristics. Fluctuating firing rate and
spray patterns are undesirable. In order to minimize this possibility,
it is necessary to monitor the concentration of waste oil in the blend
during in-line blending. For the in-line blending tests reported here,
the concentration was estimated from the firing rate and the regression
rate of the waste oil level in the storage tank. This method can be
rather time-consuming because the regression rate during these tests was
less than 1 in./hr. A simple real-time method would clearly be desirable
for boiler plant operators. Three methods are discussed below:

1. Specific Gravity Method. Let y., y2, and y be the specific
gravity, respectively, of the regular fuel oil, wasti oil, and their
blend at the same temperature. Assuming constant volume mixing, the
waste oil concentration would be:

10



Y3 - Y1
x = _ _

Y2 - ¥1

For this method, an ordinary hydrometer, a glass cylinder, and a sampling
port close to the burner nozzle in the fuel system would be required.
This is a one-time measurement, but the accuracy is good, the procedure
is simple, and the initial investment is minimal. The accuracy of this
method increases with the difference between y and ¥2"

2. Temperature Method. Let T , T^, and T be the temperatures,
respectively, for tte regular fuel oil, waste oil, and their blend. If
these temperatures are measured at locations fairly close to one another,
and assuming that the specific heats of the oils are the same and the
mixing takes place adiabatically, by conservation of energy, the waste
oil concentration would be calculated as follows:

T -T
X -

TT
2  T1

Some inherent errors exist due to the assumptions used. This method is
ideal, however, for continuous monitoring if automatic recording devices
are used, and it is, keeping in mind the possible errors, particularly
helpful when blending oils of nearly equal specific gravities.

3. API Gravity Method. This method is essentially the same as for
the specific gravity method except that an API hydrometer is used. API
gravity is defined as

Degree API Gravity = 141.5 131.5
Specific Gravity of 603F -

Due to the artificiality built into this definition, the formula for
calculating the concentration is unnecessarily complicated. Let G1, G2,
and G be the API gravity, respectively, of the regular fuel oil, waste3
oil, and their blend:

GI - G 2  + 131.5

G I G3 + 131.5

The API gravity is a quantity derived from specific gravity. Since the
amount of work in measuring G is the same as in measuring y, there is
little justification for using this method.
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CONCLUSIONS

The NWC waste oil resembles a light grade fuel oil. After removal
of water and solid contaminants, this waste oil can be satisfactorily
fired in boilers, either straight or in blends of any concentration with
the regular No. 6 fuel oil. To minimize the requirement for burner
adjustments, the firing temperature of a blend should be controlled so
that its viscosity is as nearly the same as that of the regular fuel oil
at its normal firing temperature. No operational or environmental
emission difficulties were encountered due to the presence of waste oil
during either batch or in-line blending tests. In-line blending was
successfully achieved by combining two oil streams using a "T" arrangement.

RECOMMENDATIONS

Sufficient experimental evidence shows that the NWC waste oil is a
satisfactory boiler fuel or fuel supplement. Therefore, routine firing
of this waste oil in Boiler Plant no. 2 is recommended. Since the
amount of waste oil generated at NWC is relatively small compared with
the fuel oil consumption, low concentration firing (-10%) is recommended.
A proposed waste oil supply and blending scheme is shown schematically
in Figure 10. In this scheme, the waste oil is introduced into the
suction side of the main fuel pump of the existing system to insure
thorough mixing. Temperatures are taken at three locations, and a
sampling port is provided downstream of the pump so that the waste oil
concentration can be measured by either the "Temperature Method" and/or
the "Gravity Method". The low pressure pump near the waste oil tank is
intended for stirring the waste oils in the tank to insure a homogeneous
material. It will not be used during actual boiler operation.
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a. After 30 hours firing waste oil/no. 6 fuel oil blends

at various concentrations.

b. After 18 hours of firing no. 6 fuel oil.

Figure 9. Condition of nozzle tips.
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